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(57) Abstract 



An optical modulator includes an 
optical waveguide (88) and an electrode 
structure coupled to the waveguide such 
that a modulating signal applied to the 
electrode structure (90, 92, 94) varies the 
refractive index of the waveguide so as to 
produce a modulated optical output signal. 
The electrode is fabricated in the form of 
a transmission line terminated in a short 
circuit (94). The ratio of the wavelength 
of the modulating signal to the effective 
length of the electrode is comprised be- 
tween 2. 1 and 4.0, and is preferably of 
approximately 2.7. The modulator can be 
constructed to provide either phase or am- 
plitude modulation. An optical transmis- 
sion method having SBS suppression and 
an optical modulator system are further 
provided. 
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NARROW-BAND OPTICAL MODULATOR 
WITH REDUCED POWER REQUIREMENT 

BACKGROUND OF THE INVENTION 
5 Field of the Invention 

The Invention relates to optical modulators and, more particularly, to 
optical modulators having optimized electro-optical interaction to permit 
reduced power requirements. 
Description of the Related Art 

10 Traditional cable TV systems (often referred to as "CATV systems") 

used coaxial cable to provide up to about eighty channels of broadcast video 
signals. Recently, however, consumers are demanding more channels and 
additional services, such as high-definition television. In order to provide the 
increased signal capacity required by thes^e demands. CATV systems have 

15 begun to employ fiber optical cables which carry signals as beams of light. 

One drawback of optical fiber transmission systems, both analog and 
digital, is that the fiber optical cables are subject to a phenomenon known as 
"Stimulated Brillouin Scattering" (SBS). This is a nonlinear effect that occurs 
when the optical power at the fiber entrance exceeds a given threshold 

20 (typically about 6 dBm for a narrow bandwidth source having a spectral 

. band\Afidth of less than 20 MHz), thus producing an intense optical field which 
generates an acoustic \Naye in the fiber. v^The acoustic yvave acts as a v^-?^ 
dynamic diffraction grating, generating a refiected wave that takes, powen y; 
away from the ppfical signal field. This phenomenon is discussed in U.S. - 

25 Patent 4.560,246, : . , ;vac ^oV 

■ One techniqueior suppressing Brillouin scattering, both Jn analog and 
digital systems, consists in phase modulating the optical signal field. The 
phase modulation has no infiuence on the detection process at the receiver, 
but it induces a broadening of the spectrum of the signal transmitted in the 

30 fiber beyond the coherence band of Brillouin scattering. 

For the phase modulafion to produce a good suppression of Brillouin 
scattering, the modulafion frequency must be sufficiently high and the phase 

eMSOOCID: <WO 99Qfl4S1A1 I > 
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deviation be above 2n, 

The power necessary to obtain such a phase modulation is generally 
high (greater than 5W at a phase modulation frequency of 2 GHz). This limits 
the applications in which the phase modulation technique can be used. For 
5 example, an increase in the power leads to heat generation inside the 
electrodes fabricated on the lithium niobate substrate typically used in 
designing the modulators. This material has a low thermal conductivity, and 
thus heat generated in the material tends to build up, causing an increase in 
the operating temperature and thus reducing reliability. 

10 An optical phase modulator of lithium niobate (LiNbOg) is typically 

obtained by utilizing the electro-optical effect of the material: This effect 
consists in modifying, through an applied electric field, the index of refraction 
of the optical guide in which the optical signal is propagated. The variation in 
time of the refractive index produces the desired phase rhodulatibn of the 

15 optical field. ^'-jr-.--'^ 

To obtain a phase modulator, it is necessary to have an optical 
waveguide and ah electrode structure that permits the generation of the 
electric field necessary for the modulation. Optical waveguides in the LiNbOg 
crystal are generally formed by titanium diffusion or by proton exchange. 

20 Lumped and traveling wave electrode structures are known. Examples 

of the two types of ielectrode structures for optical modulators 10 arid HOa are 
shown in Figs. 1 A and 2A. Each modulator includes an bpticai waVeg^^^^ 
formed In a substrate 14. A pair of electrodes "^1 6.1 8 are formed' oh the 
surface of substrate 14 on opposite sides of waveguidey - The two" -^^^^^^^^ : 

25 configurations differ essentially in the electrical termination? The basic 
characteristics and operating parameters of such configurations are well 
known in the prior art. A general reference is. for example/chapter 4 by R.C. 
Alferness "Titaniuni Diffused Lithium Niobate Waveguide Devices", in a book 
entitled "Guided-Wave Optoelectronics" (Ed. T. Tamir) published in 1988. 

30 Springer Verlag. * 

Lumped electrodes are shown in Fig. 1 A. Electrode 16 is connected to 
a source, or driver, of a modulating signal V arid electrode 18 is connected to 
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ground. A lumped electrode type of modulator functions best at low 
frequencies. In fact, from the electrical standpoint the lumped electrode 
structure behaves essentially as a concentrated capacitor C that, together 
with the internal resistance R of the driver and of the electrodes, constitutes a 
5 low-pass RC filter, as shown in Fig. 1B. 

The traveling-wave type of electrode structure overcomes this 
limitation. Electrodes 16 and 18 of this structure, shown in Fig. 2A, constitute 
a transmission line terminated in its characteristic impedance R^, that is, a 
matched line. The equivalent electric circuit is shown in Fig. 2B. The 

1 0 electrooptical response of the traveling-wave type of modulator is also of the 
low-pass type, but the cut-off frequency is determined by the difference in 
velocity between the wave of the optical signal and the wave of the 
modulating electric field. ^ This velocity difference can be made quitei small, and^^ 
thus these modulators generally have a higher cutoff frequency, 

15 , Both types of modulators have an electrooptical response of the low- 

pass type. _ 

U.S. patent 4,372,643 (Liu et al.) discloses an ultrafast gate produced 
by locally modulating the coupling along a pair of coupled wavepaths by 
means of a standing-wave electrical signal. The electrodes form an electrical 
20 transmission line that is energized at its input by means of a signal source 
. having an output impedance R.Jn one embodiment, the transmission line is 
temriinated .by nrieans of a short circuit and the electrodes are proportioned 
such that the input impedance of the line has a real part that is equal to R, ^- 
, yVhen energized, a standipg wavejs produced along the length of the 
25 electrodes which locally affects the. coupling between the optical waveguides. 
Alternatively, the electrodes can be terminated by nrieans of an open circuit. 

U.S. patent 4.850,667 (Djupsjobacka) relates to an electrode 
arrangement for optoelectronic devices. A first elongate electrode has a _ 
connecting conductor for an incoming microwave signal with the aid of which 
30 a light wave is to be modulated. Jhe connecting conductor divides the first 
electrode into a standing wave guide and a traveling wave guide, vyhich is 
connected via a resistor to a U-shaped second electrode. It is stated in the 
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patent that the incoming modulating microwave has maximum modulating 
ability in the standing waveguide if its frequency is in agreement with the 
resonance frequency f^ of the standing wave guide. 

In an embodiment, the standing wave guide is connected at one end with the 
5 U-shaped second electrode at its closed end. The standing waveguide has in 
this embodiment a resonance frequency fc = c/(4 L nja), where c is the speed 
of fight in vacuum, L is the length of the standing wave guide and n/i is the 
refractive index for the microwave guides. 

SU patent 696842 discloses electro-optical ultra-high-frequency light 

10 modulators based on a bulk electro-optical crystal. Two coaxial resonators 
are coupled to the ends of two electrodes applied on opposite faces of the 
electro-optical crystal. Modulator efficiency and modulation depth are 
increased by short-circuiting opposite ends of the electrodes. The electrical 
length of the coaxial resonators and of the electi^odes is respectively equal to 

1 5 one quarter wavelength and half wavelength of the center frequency of the 
modulator's working range. The coaxial resonators can be replaced by 
microstrip resonators. 

A paper by G.K. Gopalakrishnan et aL. IEEE Transactions on 
Microwave Theory and Techniques, Vol. 42, No. 12. Dec. 1994. pag. 2650 - 

20 2656, discloses the performance and modeling of resonantly enhanced 

LiNbOj traveling wave optical modulators .^'A resonant enhancement technique 
involving external Hriei stretching of a length of the nonactive section of the 
modulator is proposed and demonstrated at low frequencies. 

A paper by M M. Hoverton et al.. J6uirnai of Lightwave Technology, vol. 

25 - 14. no. 3. March 1996, pag. 417^22. disdoses SBS suppression using a 

depolarized source for high power fiber ajDpiications. A depolarized source is 
demonstrated using a traveling wave LiNbOa phase modulator. Resonant 
enhancement of the low frequency response of the modulator is obtained by 
using a non resonant traveling wave modulator along with a length of coaxial 

30 cable that is appropriately terminated in an open or short circuit. Thus the 

composite resonant cavity in this arrangement comprises the active section of 
the modulator and the nonactive coaxial cable: 
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Applicants have observed that conventional structures of the low-pass 
type for providing electro optical modulators do not meet the needs of current 
applications for optical phase modulators. 

Applicants have recognized that less than optimum modulation 
5 performances are achieved in band-pass type electro-optical modulators if 
only the electrical resonance of the modulating signal in the electrode 
structure, or the power coupling between the electrical generator and the 
electrode structure are maximized (electrical efficiency), without regard for the 
electrooptical interaction. 
10 Applicants have discovered that a more efficient modulation can be 

achieved by optimizing the electrooptical interaction of the modulating 
electrical signal with the light beam propagating in the optical waveguide 
structure. ^ . , . , . j 

Applicants have further discovered apparatus for providing an optical 
1 5 modulator with an electrooptical response pf the t>and-pass type which . 

optimizes the electrooptical interaction at a central frequency. This apparatus 
nnakes it possible to obtain the same depth of modulation . at the worKing 
frequency with a lower power. 

20 SUMMARY OF THE INVENTION ; ^ ^ 

, ; . , -Add and advantages of the invention will be set forth in 

the description which folloyvsi and in part will be apparent frorn the description, 
or may be learned by practice of the invention.. The objectives and other 
advantages of. the invention vyill.be realized and . attained .by . the apparatus 

25 partipularly pointed out in the^written description and claims hereof, as well as 
the appended drawings. . . , . ^ . , . . 

To achieve these and other advantages, and in accordance with the 
purpose of the invention, as embodied and broadly described, the invention 
constitutes an optical modulator for operation at a selected working frequency 

30 having a wavelength X . The modulator comprises a substrate; a waveguide 
fprmed in the substrate and having an input, an output, and an index of. 
refraction; and a traveling wave-type electrode structure having first and 
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second branches to establish an electrode length L, The electrode structure 
is formed on the substrate in relation to the waveguide to effect electro-optical 
variation of the index of refraction upon application to the electrode structure 
of a modulating signal at the working frequency. The invention also 
5 comprises an electrical conductor connecting the first and second branches to 
form short-circuit termination of the electrode structure. 

According to a different aspect the present invention is related with an 
optical transmission method comprising the steps of: generating an optical 
signal; generating a phase modulating signal at a selected frequency; 

10 modulating the phase of the optical signal according to the phase modulating 
signal; amplifying the phase modulated optical signal to a first optical power; 
transmitting the amplified optical signal along a length of optical fiber; 
receiving said transmitted signal. ' ^ 

Said first optical power' has a value such that SBS would be generated 

15 in the length of optical fiber in the absence of phasie modula^^ the signal. 

The step of modulating the phase of the optical signal comprises: 
coupling said optical signal to a waveguide formed^ i^ substrate having a^^ 
index of refraction; coupling the phase modulating signal to a traveling wave- 
type electrode structure having an electrode length L comprised between 12 

20 and 24 mm, the electrode ^structure beinlg formed on the substrate in relation 
to the waveguide to effect electro-optical Variation of the i^ 
1 !o;tq;>o:: ^rf^e method furthferincluldes the step of forming a short^feircuit ' 
terminatibnfof the electrode structu^ ^ ' ' • • 

- - Acconding to ahbther asped: the invention provides iin ofbtica^ 

25 modulator system for operation from a generator of a working wavelength 
The modulator system has a modulator having a substrate, a waveguide 
formed in the substrate, an input. 'an output, and an index of refraction. The 
modulator further includes a traveling Wave-type electrode structure having 
first and second branches to establish an electrode length L and width W. 

30 The electrode structure is formed on the substrate in relation to the waveguide 
to effect electro-optical variation of the index of refraction upon application to 
the electrode structure of a modulating signal at the working frequency. The 
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modulator also includes an electrical conductor connecting the first and 
second branches to form short-circuit termination of the electrode structure. XI 
L is from about 2.1 to about 4.0, and W is from 15 to 200 \xm, A modulator 
system further includes an impedance matching circuit, for efficiently coupling 

5 the modulation signal from the signal generator to the modulator. 

It is to be understood that both the foregoing general description and 
the following detailed description are exemplary and explanatory and are 
intended to provide further explanation of the invention as claimed. 
The accompanying drawings are included to provide a further 

0 understanding of the invention and are incorporated in and constitute a part of 
this specification/illustrate one/several embodiment(s) of the invention and. 
together with the description, serve to explain the principles of the invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

5 - The accompanying drawings, which are incorporated in and constitute 

a part of this specification, illustrate embodiments of the, invention and, ^ 
together with the description; serye to explain the objects, advantages, and 
principles of the invention. - 
In the drawings: _ : i 

20 Fig. lA Is a plan view diagram of a prior art phase modulator with 

electrodes of the -lumped type; , r t ; : v ^ ^y^^ 

Fig. 1B Is an electrical schernatic. diagram of an equivalent circuit ot-the 
. electrode structure pf Fig, 1 A; ^ a- ; ui t a i . : ^ 

. Fig. 2A is a plan view diagram of a prior art phase modulator-haying , 
25 electrodes of the triaveling wave type terminated in the characteristic . :A . 
. impedance;^, o: ■. ; ry:^^^-^-:r/\ i^^-r, ^rt rn-w:;^;"' ^.j^o-r? i:- cf x-i-- 

- . ^ Fig. 2B is an electrical schematic diagram of an electrical equivalent 
circuit pfthe electrode structure ofthe modulator of Fig. 2A; ^ - - ^ 
Fig, 3 is a plan view diagram of a modulator including an electrode 
30 structure constructed according to the principles of the present invention; 

Fig. 4 is a graph of a computer simulation comparing the efficiency of 
modulation ofthe modulators of Figs. 2A and 3; 
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Fig, 5 is a graph of the voltage along the line in the modulus and phase 
for a modulator having an electrode structure in the form of a transmission line 
terminated in its characteristic impedance and for a similar modulator having 
its electrode in the form of a transmission line terminated in a short circuit; 
5 Fig. 6 is a drawing of the electrode structure of the modulator of the 

present invention; 

Fig. 7 is a cross sectional view of a portion of the modulator illustrated 
in Fig. 6; 

Fig. 8 Is a drawing of a portion of the electrode structure shown in Fig. 

10 6; 

Fig. 9 is a graph showing the modulation efficiency as a function of the 
ratio of XIL. 

Fig. 10 is a plan view of an optical narrow-band amplitude modulator 
constructed according to the principles of ^the present invention; 
15 • - ^ Fig. 1 1 is a graph of an actual test' conhparing the modulation efficiency 
of an amplitude modulator having an electrode structure in the form of a 
transmission 'line terminated in a shbrt cifcu it (of the type shown in Fig. '10) 
with an amplitude modulator having an electrode structure terminated in its 
characteristic impedance; 
20 Fig.^12 is a graph of a computer simulation of the above test; 

Fig. 13 is a schematic of the test apparatus use^d to evaluate th^^^^' 
^r^iefficiency of the Jphase mbdulation'bf the d '-^ ^ 

Fig. 14 is a graph of an actual test comparing a suppression of Brillouin 
scattering as a functioh^bf frequency 76r i^^^^ haivihg various types of 

25 electrode termination; and having an electrode length of 25 mni; and ' - ' - 
Fig. 15 is a graph showing the suppression of Brillouin scatterihg^as a 
function of frequency for a modulator having an electrode terminat^ci in a 
short circuit and an input impedance hnatching network, with an electrode 
length of 15 mm; ^ ^ 

30 ^Figs. 16a and 16b respectively show a ci-oss section of an optical 

t, modulator with a coplanar strip waveguide (CPW) electrode and an optical 
modulator with an asymmetric coplanar strip (ACPS) electrode; 
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Fig. 17 shows a graph of the modulus of the reflection coefficient for an 
ACPS line and a CPW; 

Fig. 18 shows a comparison of modulation efficiency for an optical 
modulator with a CPW electrode and an optical modulator with an ACPS 
5 electrode; 

Fig. 19 shows a comparison of modulation efficiency for an optical 
modulator with a CPW electrode and an optical modulator with an ACPS 
electrode, where the input impedance of the modulator is matched to the 
generator impedance; 
10 Fig. 20 shows a graph of modulation efficiency for an ACPS structure 

as a function of width, where the impedance of the modulator is not matched 
to the impedance of the generator; , 

^ ^ Fig. 21 shows a graph sirnilar to Fig. 20, where the impedance of the 
modulator is matched to the impedance of^the generator; 
r : r J^iQ- 22 shows a block diagram of a m^ and generator coupled 

by a suitable impedance matching rietwork; . 

-Fig. 23 shows how the modulation efficiency of a modulator according 
to the present invention varies depending. upon the width Wof the active 
electrode. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

o . J^jg-t S show^^ a modulator constr^ principles of the 

^ present Jnvention. having a traveling7way^,electrode^^^^ a radio-, 

frequency electric field transmission Jine o^^ 

25 circi^it^,^,^ .^^^.-^^^-v ^^^tt ^^f^rdtYcr 'lo •■■ ? v-;., ' '-. ■ . , ■ ■ :^ .•: ■ ^ i 

In order to better understand the invention we shall compare the 
electrooptlcal response of a modulator of Jhe traveling-wave type having a 
transmission line terminated in its characteristic impedance (matched line) 
(Fig. 2A) and terminated with a short circuit (Fig. 3). 
30 Fig. 4^ plots the simulated electropptical response in these two cases. 

. The value in electrical dB of the phase deviation achieved by a given electrical 
power is plotted against the ratio UX (proportional to the modulation 
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frequency), where X is the "guided" wavelength of the modulating signal, that 
is associated with the wavelength in vacuum by the relation: 

X ~ Xq / n^ff 

n^ff being the effective refractive index of the electrodes for the electrical 
5 signal. The value of neff depends from the characteristics of the electrode 
structure and from the dielectric properties of the substrate and of the buffer 
layer comprised between the substrate and the electrodes, and it varies with 
the frequency of the modulating signal. In the frequency range of interest for 
optical communications n^^ in general decreases with an increasing 
10 frequency. 

In this simulation the line losses and the impedance mismatch between 
the voltage source and the electrodes have not been taken into account. As 
can be seen, the electrode terminated in its characteristic inripedarice has a 
monotonically decreasing curve 402? The slope of curve 402 depends on the 
1 5 propagation velocity mismatch between the optical signa ahd the modulating 
electrical signal. When the electrode is terminated with a short circuit, the 
s response curve 404 shows a very low efficieiicy at lowfrequeincy and. for 
increasing frequencies, a peak ahd then ari oscillating behavior, though 
decreasing overall. 

20 The different behavior of the two electrode structures can be explained 

as follows.'' ■ /.?'''"\: r. J 1:? ^^^^ • 

'-^' tiohsidering dthePpa heglecting the phase 

variation of the modulating signaf^^^ with the light beam (which 

is a good approxirhation. e.gVjh afrequeri^c^^ - 3 GHz) the 

25 modulation efficiency is proportional to the integral of the voltage (modulus 
and phase) along the line, * ' ' ' ^ - 

^ In the matched line only the progressive wave is prbpagated. the phase 
decreases linearly with the distance'alonglhe line (Fig! 5. broken line) and the 
voltage modulus is constant (and equartoVRy(R+Rc). where V is the 

30 generator voltage and R; R^. as previously defined, are the internal 

impedance of the generator and the characteristic impedance of the electrode 
structure; this value is in general smaller than V/2) so that a modulation of the 
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optical signal is achieved. 

Within the limits of low frequency the voltage along the electrode 

structure terminated in a short circuit is identically zero and there is no 

modulation of the optical signal. 
5 When the frequency increases and the wavelength of the modulating 

signal becomes comparable with the dimensions of the line, the situation 

changes. In the short circuit line, a stationary wave produced by reflection of 

the incident wave from the line ends is created. 

As an example. Fig. 5 plots the modulus and the phase of the voltage 
10 along the transmission line in the case of a modulator having electrodes 

terminated in a short circuit (solid line), at the frequency at which the length of 

the line is equal to half the "guided" wavelength of the electric signal {7JL = 2). 
, As is evident in the case of the line terminated in a short circuit, the 

voltage has a phase of 0*" for the whole ler^gth of the line. The modulus of the 
1 5 voltage reaches a maximum of value V at the midpoint of the line and is zero . 

at the beginning and at the end. The voltage maximum is at least two times 

as large as the voltage that would be present in the case of a matched line. 

At this frequency it is thus possible to obtain a better modulation efficiency 

relative to the matched case. However, the inventors have discovered that 
20 this is not the optimum efficiency modulation frequency, as will be explained in 

the following. : - ;f ; s: 

At a higher frequency a change in sign of the voltage along the line 

takes place. In practice, the phase modulation produced along a first portion 

of the line is partly canceled by the phase modulation of opposite sign ■ 
25 produced by a second portion. This explains the first minihnum in cCirve 404 of 

Fig. 4; ■ \;, fit::.:: 

At a still higher frequency there is again a maximum and so on. As can 
be seen from curve 404. the values of the electrooptic efficiency at the various 
maxima decrease with increasing modulation frequency. This is due to 
30 several factors. Among them: periodical changes in the effective interaction 
length resulting from changes in the wavelength of the modulating signal (if 
the wavelength of the modulating signal is smaller than twice the electrode 
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length, the modulation effects along different portions of the electrode partly 
compensate each other and only a portion of the electrode length effectively 
modulates the light); and the fact that the interaction between the optical and 
electrical fields is a distributed interaction, i.e., the phase of the electrical 
5 signal, as seen by the propagating optical signal, is not constant. For high 
frequencies the response of the modulator terminated in a short circuit 
approaches that of the matched-line modulator. A further contribution to the 
overall decrease in modulation efficiency for an increasing modulation 
frequency is expected from the line losses. This contribution, however, has 
10 not been taken into account with regard to the simulation of Fig. 4. 

The inventors have observed that the integral of the voltage (in 
modulus and phase) is a function of not only the electrode length, but rather a 
function of both X. and L. For a short circuit terrhinated line isuch function is: 



15 . . . I(,X,L) = V -^sm^^ 

tin ... 



where Vg is the voltage applied by the generator.. ^ : f. , , . 

The .inventors have further observed that technological constraints, in 
particular the limited size of the available substrate chips, set an.upperTlimit to 
20 th^ length-of a rnodulator a^nd limit accordingly ;the length;of the electrodes. 
Even narrower constraints are present in the.manufacture.of cascaded 
modulatprs^pn the same chip. v; . v/c u^nr^^o vinEA ^^^'^ - ^ ' 

The inventors found it advantageousito select the optimum modulation 
efficiency conditions under the constraint of a fixed electrode length, ■ 
25 For a fixed length of the electrode, the function iJ(X;L) has a hnaximum 

for xyL equal to approximately 2.7. . . 

Accordingly the optimum modulation efficiency is not obtained at the 

frequency for which the ratio X/L is 2.0. ^ > 

The formula set forth above disregards the phase changes of the 
30 electrical signal during the transit time of the light therein and the electrical 



wo 99/09451 PCT/EP98/04854 

13 

mismatch between the line and the voltage source. In particular, with a 
simplifying hypothesis, it is assumed that the maximum voltage along the line 
is equal to a constant Vg at any frequency. This is not strictly true because, 
due to the mismatch of impedance between the voltage source and the 
5 electrode, the formula would be modified by multiplying Vg by a factor a(f), a 
function of the frequency. According to Applicants' evaluation, for modulation 
frequencies in the range of 0.5 - 3 GHz, the above simplifying hypothesis 
holds in general to a good degree. The optimum }JL ratio may be depart from 
the value of 2.7 and is generally comprised between 2.3 and 3.1. Applicant 
10 has evaluated that the modulation efficiency remains relatively high for values 
of AVL comprised between 2.1 and 4.0. 

As can be seen from Fig. 4. in the case of the line terminated in a 
short-circuit (404), the maximum modulation efficiency is obtained iri the ; . 
simulation for a ratio UX equal to approxim^ately 0.37, which is the same as a 
15 ratio yL equal to^approxinriately 2.7. As is evident from the figure, an f 
improvement of approximately 3 dB is obtained at the working frequency . 
relative to an electrode of the traditional travelirag-wave type terminated in the 
characteristic impedance of the line. However, the improvement can be 
appreciably different in a real modulator due to effects arising from mismatch 
20 of the modulator impedance and losses due to the skin effect of the 
■ electrodes^ ?i<>r;{>a>bUM^ = ^' -t. ; • : ^ ' - 

;iFigSv6 and,7. illustrate the structure of an asymmetric coplanar strip i 
(ACPS) phase , modulator made according to the present invention. An Xrcut 
LiNbQa sut?stratei86 supports a waveguide 88 and electrodes .90 and 92. In 
25 accordance with the invention, the electrodes. 90 and 92 are connected : : 
together into a short circuit.in the region identified as 94. > :The electrodes are 
formed so that the optical waveguide passes through the gap between then, 
and is thus influenced by the electrical signal applied to the electrodes. ^ 
It is possible to have either external or internal termination of the 
30 transmission line.r For the test units constructed, it was determined that 

internal terminations with a short circuit formed directly on the chip were more 
beneficial, avoiding mechanical problems with external connections and 
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heating problems on the chip. 

Fig. 7 is a cross section of the modulator of Fig. 6. taken across line A- 

A. 

Fig. 8 provides an enlarged view of the region where electrodes turn 
5 from their termination pads to form the modulating element of the device. In 
the region where the electrodes cooperate to modulate the light signal flowing 
through waveguide 88. the gap between the electrodes is G, and the width of 
electrode 92 is W, 

Applicants produced electrooptical modulators comprising a phase 
10 modulating section and an amplitude modulating section on a same LiNbOa 
chip. The amplitude modulating section comprised a Mach Zehnder 
waveguide interferometer controlled by a conventional electrode structure 
comprising a RF signal electrode and a DC bias electrode. The phase 
modulating section was made according tp Figs. 6 to 8 above (ACPS type) 
15 with a width of the signal electrode W = 10 pm and a gap G = 10 pm between 
electrodes 90 and 92. The%lectrode 92 was designed to be 16 mm long, in 
the dimension indicated by 4, on Fig. 6. - • ^ 

Applicants have made an experiment to test the phase modulation 
efficiency of the described modulator. ; : 

20 A laser diode source with an emission wavelength of 1 550 nm was 

coupled to the input of the described modulator. No modulation was applied to 
the amplitude -modulation section,^ while a variable frequency electrical 
generator was coupled to the phase modulation electrode structure. 

It is known that by phase modulating a laser optical signal a laser - 
25 linewidth is broken into several lines/ spaced in frequency by the frequency of 
the modulating signal and of amplitude that varies with the power of the ^ - 
modulating signal: a line of order n has an amplitude proportional to the value 
of the Bessel function Jn (P), where p is proportional to the modulating voltage 
V. : . 

30 The optical output of the modulator was sent to a scanning Fabry Perot 

filter with a free spectral range of 7.5 GHz and a finesse of 200, giving a 
FWHM filter bandwidth of 37.5 MHz. The output of the Fabry Perot filter was 
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sent to a photodiode whose electrical output was coupled to an oscilloscope 
triggered by the same signal used to scan the Fabry Perot filter. In this way it 
was possible to view the amplitude of the "Bessel function" lines generated by 
the phase modulation. The phase modulation efficiency was taken by 
5 measuring the electrical power (i.e., the value of P) needed to null the zero 
order Bessel functions, i.e., the central peak (Jo(P) = 0). 

A theoretical simulation of the phase modulating efficiency of this 
modulator was performed, taking into account the losses of the electrodes, 
the variation of n^ff with frequency and the impedance mismatch between the 

10 voltage source and the electrodes. 

Fig. 9 shows the correspondence of theoretical and experimental data. 
For a value of the ratio X/L equal to roughly 2.7 the modulation efficiency is at 
its peak, both theoretically and experimentally: This value corresponds to a - 
modulating frequency of about 2.0 GHz- tt^e.value of n^^ at this frequency 

15 being of about 3.5. Thus a modulator designed so that its X//. ratio is at or 

around 2.7 will operate at peak modulation efficiency. It can also be observed 
that the modulation efficiency remains high for a value of the X/L ratio 
comprised between 2:3 and 3.1 and still relatively high for a value of the X/L 
ratio comprised between 2.1 and 4.0. 

20 An alternative emt)odiment of the present invention provides a narrow- 

band anniplitude modulator, r Fig. ^ 10 shows an amplitude modulator 30 which 
maximizes , the electrpoptical response around a desired frequency. - v 
Modulator 30 includes a waveguide 32 having an input 34. an output 36; and 
.first and second branches 38.> 40. Branches 38 and 40 each have first and > 

25 second ends 42. 44, First ends 42 are connected together and are also ' 
connected to waveguide input 34: rSecond ends 44 are connected together 
and are also connected to waveguide output 36. 

. Modulator 30 includes an electrode structure comprising first; second, 
and third branches 48^50.52. Third branch 52 is located between first and 

30 second waveguide branches 38 and 40. First and second electrode branches 
^48 and 50 are respectively located outside of waveguide branches 38 and 40. 
First, second, and third electrode branches 48,50.52 each have first and 
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second ends 54 and 56. First ends 54 of first and second electrode branches 
48 and 50 are electrically connected to a ground potential, and second ends 
56 of the first and second electrode branches 48, 50 are electrically to a 
ground potential and further connected in short circuit to second end 56 of 
5 third electrode branch 52 by a conductor 60 formed on the substrate. 

Application of an optical signal to the waveguide input 34 and a modulating 
signal V to the first end 54 of the third electrode branch 52 from a voltage 
source 62 having an internal resistance R produces an amplitude-modulated 
optical signal at w/aveguide output 36. 

10 In a tested embodiment, the electrode length L was 32 mm. An optical 

signal at a wavelength of about 1550 nm was input into the modulator. A 
modulating electrical signal was coupled to the electrode structure and its 
frequency swept from about 1 30 MHz to about 5.1 30 GHz. The modulation ' 
efficiency curve of this embodiment is plotted in Fig. 11 (curve 1li). As 

1 5 shown therein, the frequency at which a "nrtaxinhu of electrooptical efficiency 
is obtained is in the vicinity'bf 730 MHz. The value of the refractive index n 
for the described modulator at a "freCjuehciy around the peak efiFicieVicy" 
frequency is of about 3.7. The value of the 7JL ratio at the peak efficiency 
frequency is of about 3.5. 

20 - A theoretical simulation of the behavior of this embodimerit was 

perfomifed, taking into account the losses "of the'electrodes. the variation of h 
with freq uency and the impedance: mismatch between the generatdr'and the 
electrodesp'TheTesults of this simulation are shown in Fig. 12 (curve'121);- ''^ 
Good agreement was'obtained with the'experimental results: For cotriparisbri. 

25 Fig. 1 1 and Fig. 12 have a curve with experimental results (il2) and a curve 
with a theoretical simulation (1 22y relating td%n othehA/ise equal kmfDiitude -' 
modulator but terminated in its characteristic impedance. 

The increase in electrOoptic modulation efficiency of the phase section 
of the constructed modulators Was confinned by measurement by Applicants 

30 of SBS suppression efficiency in an optical communication system! 

An optical communication system as niade and tested by Applicants is 
illustrated In Fig. 13. Specifically, a semiconductor laser 70 was used to 
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supply an optical signal at a wavelength of 1550 nm into a amplitude / phase 
modulator 72 of the above described type. 

The modulated signal was amplified to a power of 16 dBm by an 
erbium doped fiber amplifier (EDFA) 74 operating in a saturated regime and 
5 then supplied to an optical transmission line 76 made with a length of 50 km 
of single mode optical fiber. The optical signal from the fiber line was supplied 
to an attenuator 78 and then to a photodiode detector 80. The attenuator 78 
was controlled such that all measurements were made with a constant optical 
power at the detector 80. measured via a power meter 82. The RF signal 
10 from the photodiode detector 80 was supplied to an electrical spectrum 
analyzer 84 for analysis. 

A first measurement was made of the noise at the receiver with an 
optical power of 16 dBm at the fiber input and without phase modulation. 
The noise power at a frequency ofyinterest was measured via the 
1 5 electrical spectrum analyzer (the chosen frequency was 200 MHz). A phase- 
modulating signal was then applied to the phase rnodulating electrode of the 
optical modulator with a frequency that varied in steps of 200 MHz from 400 to 
2400 MHz. The electrical power at the oscillator output was kept at 26 dBm. 
Noise at a frequency of 200 MHz was measured at each frequency 
20 step, .while keeping optical powerat the reqeiver constant. The difference (in , 
dB) between the noise, yalu^ with the modulating . 

signal represents a significant measurement.of the Brillouin scattering , , . 
^ suppression.^.^ ^^^^^^^ ^.^^^ ..^-..r-n;::-- : 

Fig. 14 plots the level of suppression of Brillouin scattering as a 
25 function of the, frequency of the modulation for a short circuit 

terminated modulator and, forxomparisonpurposes, for^ of the. 

same type but having an electrode terminated with 50 Ohms and terminated 
with an open circuit. It can be seen that ^n improvement in suppression of 
almost 20 dB is. obtained at 1 GHz with the modulator having the shorted 
30 electrode, compared to the 50 Ohrns terrpinated. Since the relation between 
the suppression of Brill9uin scattering and phase modulation efficiency is a 
nonlinear function, it is difficult to determine precisely by this measurement 
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the degree of improvement in efficiency. However, better SBS suppression 
reliably indicates a better efficiency of phase modulation. 

Fig. 14 also shows that the suppression maximum is obtained around a 
frequency of 1 GHz. The electrode of the modulator used for the test to which 
5 Fig. 14 refers has a length L of 25 mm. The value of the ratio X/L is in this 
case of about 3.3. 

Fig. 15 shows the curve of Brillouin suppression vs. frequency for a 
phase modulator having an electrode 15 mm in length terminated in short 
circuit. In this case, a conventional impedance matching network has been 
10 connected between the modulating signal source and the electrode structure 
of the modulator. The efficiency peak falls around 2.2 GHz. For this structure, 
the optimuni efficiency value of the ratio X/L is about 2.6. 

^ Complete suppression of SBS severing' was achieved at the 
modulating frequency of 2.1 "GHz with an electrical power of 2 W. 
15 - : In a conriparative experiment cohnplete SBS suppression required an 
"electrical power of about 8 W in a setup identical to the previous one. but for 
■ the rnodulator having an impedance matched terminated electrode structure 
instead of a short circuit termination. 
^ ^ As those of ordinary skill in the art will understarid, the present 
20 ' invention is not limited to a preferred crysfallograp^ of the substrate, but 
will ^tmctibn eq well oh X ic^^Z cirts> The onlvrdilferende will b 
physical lociSion <^ 

lines from the electrodes with the optical axis (c-axis) of the crystal Nwhich has 
the rfiaxinSum electrbbp^ ^^''^ - ^ 

25 The present Invention provides^ a^^narrow^^^ electrboptical phase 

nfiodulator in which the electrbbptical In^ Is bptfmize^d relative to the 

- working frequency suitable fbr phase m CATV systems (in 

the vicinity of 2.0 GHz). This'mbdulator optimizes the electrbop^^ 
interaction and makes it possible to reduce the electric pilbting power (the 

30 depth of modulation being equal) from 8 watts to 2 watts. 

The most common types of electrode structures used in transmission 
lines on lithium niobate (LiNbOj) are the co-planar waveguide (CPW) and the 
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asymmetric co-planar strip (ACPS). The two types of structures are illustrated 
in Figs. 16a and 16b. In each case, a modulator 210 includes electrodes 212 
and 214 formed on a substrate 216. The width of active electrode 212 is W 
and the spacing, or gap, between active electrode 212 and electrode 214 is 
5 G. 

Applicants have evaluated that the two structure types present similar 
effective refractive indexes for the electrical modulating signal, within less 
than 10%. Therefore, the wavelength of the electrical signal that is 
propagated in the two structures for equal frequencies will be comparable. 
10 This means that once the working frequency is selected, the required length 
of both CPW and ACPS electrode structures will be practically equivalent. 
For example, to provide a maximum electro-optical efficiency around the 

frequency of 2 GHz, with an effective refractive index around 3.5, a 
wavelength X, equal to the following is obta^ined: • " 

15 ...... - 

As previously set forth, the most effective electrode structure is defined 
by the relationship X/L equal to 2:?. Applying this relationship to the above 
20 identified 4.3 cm X, and dividing by 2.7, it is shown that the suggested ' 
electrode length is 16 mm in the above exam^^ : . i^o . . 

^ However, the total electro-optical efficiency of a modulator is 
dependent hot only oh the' Interaction 'between trte eiectnc'sig^^^^ and the 
optical signal, but also on the mode by which the structu're'of is 
25 coupled to the generatoi". ' ' ' v = : ^ : t . f .. 

The efficiency of coupling betiA/feVn modute^^ 
governed by the reflection coefficient r defined as follows, where Zg is the 
impedance of the generator (usually 50 h) arid Z is the input impedance of 
the modulator: ' ■ . . , ■. .. . 
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r = — 

z + z. ■ 

With respect to the reflection coefficient r, the CPW and ACPS 
electrode structures are not equivalent. Fig. 17 shows the difference between 
the modulus (expressed in dB) of the reflection coefficient of a CPW structure 
5 and of an ACPS. 

The results of Fig. 17 refer to CPW and ACPS electrode structures 
(Figs. 16a and 16b) with width W= 10 \xm and gap G = 10 ^im. It is not 
evident that this difference in the reflection coefficient is reflected in the 
modulation efficiency. By a simulation, however, Applicants have evaluated. 
1 0 from knowledge of the characteristic parameters of the two electrode 

structures as a function of frequency (i.e.. characteristic impedance and .. . 

effective refractive index), the variation of the voltage along the line of 

'/'''' 

interaction, and have thus evaluated the electro-optical efficiency of the 
structures. 

15 Fig. 18 compares the modulation efficiency of optical modulators 

having CPW and ACPS electrode structures. As is evident from the Fig. 18. 
the ACPS structure presents a modulation efficiency that is^always greater 
than that of PPW, specifically, about 0.5 dB greater than that of the CPW, : 
structure, with the maximurp efficiency located at around 2 GHz. ^ ^ 

20 Since both CPW and.ACPS electrode structures are termina^^ in a: - 

short-circuit and sinc^ line losses are relatively low. the.rnodulator input 
impedanpe is^^ alvyays „yery different from an optimal impedance match with the 
generator,, as demonstrated by .the reflection coefficient (Fig. 1 7). The power 
of the generator is practically totally reflected. To improve the overall 

25 performance of.the modulator plus generator system, a passive impedance 
matching network can be interposed between the generator and the . 
modulator. This passive network will, at the working frequency (e.g., 2 GHz), 
optimize the energy transfer between generator and modulator, making it 
possible to utilize all the available power of the generator. Fig. 22 shows a 

30 block diagram of a modulator and generator coupled by a suitable impedance 
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matching network. This may be a standard impedance matching network as 
is well known in the art. For example, Fig. 22 shows the modulation signal 
source 220 coupled through its internal characteristic impedance 222 (usually 
50 Ohm) to passive impedance matching network 226. Also coupled to 
5 impedance matching network 226 is the modulator of the present invention, 
represented by its impedance 224. 

The modulation efficiency for the two types of electrode structures, 
assuming use of an impedance matching network to achieve a perfect match, 
is shown in Fig, 19. 

10 As can be seen in Fig. 19, the ACPS structure is preferred over the 

CPW structure in this case also. The difference in modulation efficiency 
between the two structures at the optimal frequency is increased to 2 dB. In 
addition, it is evident in comparing the absolute values of Fig.,18 and 19 that ' 
impedance matching improves the efficiency in the case of the ACPS 

15 structure by nriore than 2 dB. , . . 

Applicants have found that, in designing an optimal structure of the 
phase modulator, the width of the signal electrode is a fundamental ^ . 
parameter. In this case also, it is necessary to distinguish between the case 
in which the modulator is coupled to the generator directly and the case in ^ 

20 which an impedance matching circuit is interposed. 

Fig. 20 shows the modulation efficiency as a function of frequency for 
various electrode widths W, without an impedance matching circuit. This 
figure demonstrates that, without an impedance matching circuit between 
generator and modulator, the structure with a small W (1 0 |im) is the best, for 

25 two reasons. First, as W decreases, the frequency of optimal efficiency is 
shifted upward, the electrode length being equal (Fig. 20 refers to modulators 
16 mm in length). Second, the electrode with the minimum width also 
presents a flatter frequency response. 

The situation is consideriably different when the modulator impedance 

30 is matched to the generator. Fig. 21 plots the modulation efficiency as the 
width of the signal electrode is varied for an ACPS structure impedance 
matched to the generator. 
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In this case, although it is still true that with an increase in electrode 
width, the maximum efficiency is obtained for lower frequencies, the structure 
with the wider electrode is always more efficient than the structure with the 
narrow electrode in the vicinity of the resonance frequency, although by 
5 fractions of a dB. Although the structures are practically equivalent with 
regard to modulation efficiency, the structure with the wide electrode is 
preferred for reasons of reliability. This flows from the heating discussion 
contained in the Background of the Invention. Let us assume that the power 
dissipated by two modulators of identical design, except for their electrode 

1 0 width W, is identical. Because the electrode with the larger W has a larger 
surface area, it will dissipate heat more quickly, and thus in a given unit of 
time will dissipate more heat. This resultis in the modulator operating at a 
cooler temperature, and thus having ia higher reliability due to less likelihood 
of heat-induced failure. 

1 5 Thermal simulations were conducted to evaluate the heat dissipation of 

the various electrode widths for a modulator with an ACPS structure Table I 
gives the results of these simulations, which refer to a dissipated power of 4.5 
W. The table clearly shows how the maximum temperature attained by the 
filament drops by about 50°C when the electrode width increases 1 0 ^m to 80 

20 fxm. 



TABLE I 



W(^im) 


Tro 


10 


200 


20 


169 


40 


157 


80 


145 



It can therefore be appreciated that in the absence of an impedance 
matching circuit between generator and modulator, the optimal structure is 
the ACPS with an electrode width of 10 ^m. However, when the modulator 
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impedance is matched to the generator, the optimal structure is an ACPS with 
a width of the signal electrode of 80 |im or more. In an ACPS modulator as 
previously described with reference to Fig. 6 to Fig. 8. a width W of the signal 
electrode 92 of 80 ^m presents a better reliability due to a greater efficiency in 
5 thermal dissipation in both the electrode and the substrate underneath the 
electrode; an improved modulation efficiency is also provided. 

Finally. Fig. 23 presents the results of a simulated study of electrode 
width W and modulation efficiency in dB. As can be seen from Fig. 23, the 
efficiency increased from approximately 3.05 dB at 10 |j,m width to 3.94 dB at 
10 150 |am width, with most of the improvement occurring between 10 |Lim and 
120 Jim. 

It is estimated that an electrode width W of between 15 and 200 )im 
acts to provide both iniproved modulation efficiency and reduced thermal 
stress to the modulator circuit. / 

15 It will be apparent to those skilled in the art that various modifications 

and variations can be made in the disclosed process and product without 
departing from the scope or spirit of the invention. Other embodiments of the 
invention will be apparent to those skilled in the art from consideration of the 
specification and practice of the invention disclosed herein. It is intended that 

20 the specification and examples be considered as exemplary only, with a true 
scope and spirit of the invention being indicated by the following claims. 
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WHAT IS CLAIMED IS : 

1 . An optical modulator for operation at a selected working frequency 
having a wavelength X,. connprising: 



5 a substrate; 

a waveguide formed in the substrate and having an input, an output, 
and an index of refraction; 

10 a traveling wave-type electrode structure having first and second 

branches to establish an electrode length L, the electrode structure 
formed on the substrate in relation to the waveguide to effect electro- 
: optical variation of the index of refraction upon application to the 
electrode structure of a modulating signal at the working frequency; 



15 



20 



an electrical conductor connecting the first and second branches to 
> form short-circuit termination of the electrode structure; and 

wherein the ratio 7JL has a value between 2.1 to 4.0. 

2. :An optical modulator as recited in claim 1 , wherein^ the ratio 7JL has a 
value between 2.3 to 3,1. 



3. An optical modulator as recited in claim 1 . wherein the first and second 
25 branches are disposed on opposite sides of the waveguide such that 

application of a modulating signal produces a phase modulated optical 
signal at the output of the waveguide. 

4. An optical modulator as recited in claim 1 , wherein: 

30 



the waveguide comprises first and second branches each having first 
and second ends, the first ends being coupled together and also being 
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coupled to the waveguide input, and the second ends being coupled 
together and also being coupled to the waveguide output; 

the electrode structure further comprises a third branch located 
5 between the first and second waveguide branches; and 

the electrode first, second, and third branches each have first and 
second ends, the first ends of the electrode first and second branches 
being connected together, and the conductor connecting the second 
10 ends of the first, second, and third electrode branches; 

whereby application of a modulating signal to the first end of the third 
electrode branch produces an amplitude modulated optical signal at - 
the waveguide output. 



15 



An optical modulator as recited in claim 1, wherein the first and second^ 
. branches have a length between about 1 2 and 24 mm, and the working 
frequency has a value of about 2.0 GHz. 



20 6. An optical transmission method comprising the following steps: 
generating an opticalsignal; , ^ , ^ 

* generating a pha^^^^ at a selected frequency in the 

25 , ^ range 500 r r ^ , , . - . ^ 

modulating the phase of the optical signal according to the phase 
modulating signal; / 

30 amplifying the phase modulated optical signal to an optical power 

higher than 6 dBm; 
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transmitting the amplified optical signal along a length of optical fiber; 
receiving said transmitted signal; 

said step of modulating the phase of the optical signal comprising: 
coupling said optical signal to a waveguide formed in a substrate 
having an index of refraction; 

coupling the phase modulating signal to a traveling wave-type 
electrode structure having an electrode length L comprised between 12 
and 24 mm, the electrode structure being formed on the substrate in 
relation to the waveguide to effect electro-optical variation of the index 
of refraction; 

characterized in that it further comprises the step of forming a short- 
circuit termination of the electrod^ structure. 

Ah optical modulator system ior operation from a generator of a 

working wavelength X, comprising: 

a modulator, the modulator comprising: 

a substrate; ' 

a waveguide formed in the substrate and having an input, an 

output, and an index of refraction; " ^ 
a traveling wave-type electrode structure having first and second 
br^ahches to estalSnsh^ 

7JL is between 2.1 and 4.0. and W is between 15 and 200 
fim, the electrode structure being formed on the 
substrate in relation to the waveguide to effect electro- 
optical variation of the index of refraction upon application 
to the electrode structure of a modulating signal at the 
working frequency; and 
an electrical conductor connecting the first and second branches 
of said electrode structure to form short-circuit termination 



5 



wo 99/09451 PCT/EP98/04854 

27 

of the electrode structure. 

8. An optical modulator system as in claim 7. wherein the width W is 
between 40 and 160|am. 

9. An optical modulator system as in claim 8, wherein the width W is 
between 60 and 120|im. 



BNSOOCID: <WO_09094StA1J_> 



wo 99/09451 



PCT/EP98/04854 



1/14 




BNSOOCID: <WO_99094S1A1 I > 



wo 5(9/09451 



PCT/EP98/04854 



2/14 





BMSOOCIO: <WO_9909451A1J_> 



wo 99/09451 



PCT/EP98/048^4 




wo 99/09451 



4/14 



PCT/EP98/04854 




_9909451A1 I > 



wo 99/09451 



PCT/EP98/04854 



5/14 




Fig. 13 



BNSOOaO: <WO ^9909451 A1J_> 



wo 99/09451 



PCT/EP98/04854 




wo 99/09451 



PCT/EP98/04854 





wo 99/09451 



PCT/EP98/048S4 



8/14 




jQ 
CD 

Ll. 




CO 



BNSOOCID: <WO ^9909451 A1 J_> 




8NSOCXyO: <WO_99094S1A1_I > 



wo 99/09451 



PCT/iEP98/04854 



10/14 





8NSOOCIO: <WO 9909451 A1 I > 



wo 99/09451 



PCT/EP98/04i854 



11/14 




wo 99/09451 



PCT/EP98/04854 



13/14 




BNSCOCID: <WO 99094S1A1_I_> . , . -^^.^lAKt^i^^- CVj- :a!r-Diai£LiJ_ 



wo 99/09451 



14/14 



PCT/EP98/04854 




8NSOOCI0: <WO_9S094S1A1J_> 



INTERNATIONAL SEARCH REPORT 



Inter <nal Application No 

PCT/EP 98/04854 



A CLASSIFICATION OF SUBJECT MATTER 

IPC 6 G02F1/00 G02F1/035 



According to International Patent Classification (IPC) or to both national classification and IPC 



B. FIELDS SEARCHED 



Minimum documentation searched (classification system followed by classification symbols) 

IPC 6 G02F 



Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched 



Electronic data base consulted during the international search (name of data base and, where practical, search terms used) 



C. DOCUMENTS CONSIDERED TO BE RELEVANT 



Category * 



Citation of document, with indication, where appropriate, of the relevant passages 



Relevant to claim No, 



GOPALAKRISHNAN G K ET AL: "PERFORMANCE • 
AND MODELING OF RESONANTLY ENHANCED LINB03 
MODULATORS FOR LOW-LOSS ANALOG FIBER-OPTIC 
LINKS" 

IEEE TRANSACTIONS ON MICROWAVE THEORY AND 
TECHNIQUES, 

vol. 42, no. 12, 1 December 1994, pages 
2650-2656, XP000487015 
cited in the application 
Sections II, III, V 
see figures 5A,5B 

-/-- 



1-9 



I X I ^"rther documents are listed in the continuation of box C. 



Patent family members are listed in annex': 



• Special categories of cited documents : 

"A" document defining the general state of the art which is not 
considered to be of particular relevance 

"E" earlier document but published on or after the international 
filing date 

"L" document which may throw doubts on priority claim(s) or 
which is cited to establish the publication date of another 
citation or other special reason (as specified) 

"O" document referring to an oral disclosure, use. exhibition or 
other means 

•P" document published prior to the international filing date but 
later than the priority date claimed 



"T" later document published after the , international filing date 
or priority date and not in conflict with the application but - 
cited to understand the principle or theory undertying the 
invention v 

"X" document of particular relevance; the claimed invention 
cannot be considered novel or cannot be considered to 
involve an inventive step when the document is taken alone 

"Y" document of particular relevance; the claimed Invention 

cannot be considered to involve an inventive step when the 
document is combined with one or more other such docu- 
ments, such combination being obvious to a person skilled 
in the art. 

document member of the same patent family 



Date of the actual completion of the intemattonal search 

14 December 1998 


Date of mailing of the international search report 

23/12/1998 


Name and mailing address of the ISA 

European Patent Oftice. P.B. 581 8 Patentlaan 2 
NL - 2280 HV Riiswijk 
Tel. (+31-70) 340-2040. Tx. 31 651 opo nl. 
Fax: (+31-70) 340-3016 


Authorized officer 

WAHL, M 



_^tSOOCll 



page 1 of 2 



INTERNATIONAL SEARCH REPORT 



C.(ContInuatlon) DOCUMENTS CONSIDERED TO BE RELEVANT 



Intert nal Application No 

PCT/EP 98/04854 



Category ** Citation of document, with indication, where appropriate, of the retevant passages 



Relevant to daim No. 



GOPALAKRISHNAN 6 K ET AL: "RESONANT 
ENHANCEMENT OF A LINB03 TRAVELING-WAVE 
MODULATOR FOR LOW-LOSS ANALOG FIBER-OPTIC 
LINKS" 

IEEE MTT-S INTERNATIONAL MICROWAVE 
SYMPOSIUM DIGEST. SAN DIEGO, MAY 23-27, 
1994, 

vol. 1, 23 May 1994, pages 159-162, 
XP000527261 

KUNO H J; WEN C P (EDITORS) 
Section III 
see figure 3 

US 5 502 780 A (RANGARAJ MADABHUSHI) 
26 March 1996 



1-9 



7-9 



Fomi PCT/tSA/210 (oonttnuation of ftocond ftt)««t) (Juty 1992) 
<WO 9909451A1 I > 



page 2 of 2 



INTERNATIONAL SEARCH REPORT 

...lormatlon on patent family members 



Interr nat Application No 

PCT/EP 98/04854 



Patent document 
cited in search report 



Publication 
date 



Patent family 
mGmber(s) 



Publication 
date 



US 5502780 



26-03-1996 



JP 
JP 



2713087 B 
6300994 A 



16-02-1998 
28-10-1994 



Fofm PCTyiSA^tO (paiont lam By aniwc) (Juty 1992) 



BNSDOCIO: <WO_9909451A1 J_> 



